Two human immunodeficiency virus type 1 (HIV-1) variants derived from a single parental isolate were found to differ substantially in their ability to replicate in CD4-positive cells. Using transient chloramphenicol acetyltransferase expression assays, we show that the long terminal repeat (LTR) of the better-replicating virus has significantly higher capacity than that of the companion virus to direct gene expression in T cells. Sequence data and site-specffic mutagenesis experiments demonstrate that the higher LTR activity of the betterreplicating HIV-1 is due to a combined effect of two mutations: (i) a point mutation in position -94 (relative to the transcriptional start site), which is located between the two subunits of the HIV-1 enhancer, and (ii) a duplication of 24 base pairs in positions -128 to -151, which was not previously known to be involved in any regulatory function. The presence of these mutations increases the basal level of the LTR-driven gene expression and does not influence the degree of induction caused by the viral tat gene product or by cell activation. Reciprocal exchange of LTRs between the respective viral DNAs results in a change of a recombinant virus replication pattern consistent with the activity of the particular LTR. These experiments suggest that the HIV-1 LTR is one of the sites which determines the functional heterogeneity of HIV-1.
Human immunodeficiency virus type 1 (HIV-1), the primary etiologic agent of acquired immune deficiency syndrome (AIDS) (5, 12, 24) , comprises many molecularly and functionally divergent isolates. Functional variations include differences in serotype, host cell range, cytopathicity, and replicative potential (9, 25, 37) . It has been suggested that progression of HIV disease correlates with the emergence of new HIV-1 variants in an individual (3, 7) ; for example, HIV-1 isolates from AIDS patients are generally more virulent and exhibit wider host cell range than viruses from asymptomatic individuals (3, 7, 37) .
The extensive heterogeneity of HIV-1 has been attributed to the high error rate of HIV-1 reverse transcriptase (30, 38) . Using 1 to 5 years as the time of divergence among sequential HIV-1 isolates from patients (16) , the rate of evolution of HIV-1 was estimated to be 10-3 nucleotide substitutions per site per year for the env gene and 10-4 substitutions per site per year for the gag gene (16, 38) . Although these mutations are seen throughout the HIV-1 genome (2) , only some are likely to provide the mutant virus with selective advantage and thus facilitate the spread of a particular variant. Frequently observed mutations in the variable regions of the HIV-1 env gene (2, 36) could produce variants resistant to the immune response provoked by the original (nonmutated) viral strain. Mutations in the HIV-1 nef gene may be responsible for the emergence of HIV-1 strains with altered virulence (26) . Selective advantage may also result from mutations in other regulatory genes of the virus, tat and rev, or in noncoding regulatory sites present in the long terminal repeat (LTR).
Recently, we have described several distinct HIV-1 variants obtained by molecular cloning from a clinical HIV-1 isolate (32, 33) . Like other multiple HIV-1 variants from one patient (15, 16) HIV-1 clones and plasmids. Molecular clones of HIV-1 (strain N1T) were isolated from the high-molecular-weight genomic DNA from the NlT-producing cells as described previously (32) . A detailed characterization of these clones and progeny viruses has been published (32) . Plasmid pU3R-III, which contains a bacterial chloramphenicol acetyltransferase (cat) gene under the control of an HIV-1 (clone C15) LTR, was obtained from W. Haseltine (35) . Plasmids pEG601 and pEG602 were derived from pU3R-III by replacing the XhoI-HindIII fragment (spanning nucleotides -639 to +80) with respective fragments from N1T-A and N1T-E clones. Plasmids pEG610 and pEG611 were constructed from pEG601 and pEG602, respectively, by deleting a 483-base-pair (bp) XhoI-AvaI fragment. Plasmids pEG610 and pEG611 carry HIV-1 LTR sequences spanning from -157 to +80 and from -181 to +80, respectively. pEG614 was derived from pEG602 by substituting cytidine for thymidine in position -94. The substitution was made by the sitespecific mutagenesis procedure of Kunkel (22) . pEG617 is similar to pEG602, except that the duplication in positions -128 to -151 has been removed by digestion with Scal. A schematic drawing of these constructs is shown in Fig. 1A . Plasmid pEG621 was obtained by the substitution of the 720-bp XhoI-HindIII fragment of pU3R-III by the 230-bp AvaI-HindIII fragment of the pLTR-1/cat plasmid. The last plasmid carries the cat gene controlled by the HIV-1/SF-2 (formerly called ARV-2) LTR (23) . Recombinant molecular clones of N1T-E and N1T-A viruses containing reciprocally exchanged LTRs (plasmids pEG823 and pEG824) were obtained by exchanging BssHII-XhoI fragments of the pNlT-A and pNlT-E. Plasmid pEG823 consists of the N1T-A LTR and N1T-E virus "body"; plasmid pEG824 carries the N1T-E virus LTR and N1T-A virus body (for a schematic representation, see Fig. 1B ).
DNA sequencing. The XhoI-HindIII fragments from NlT-A and N1T-E provirus clones were cloned into M13mpl8 and M13mpl9 vectors and sequenced in both directions by the dideoxyribonucleotide chain termination procedure (34 Other analytical procedures, chemicals, and radiochemicals. Unless specified otherwise, DNA transfections (DEAEdextran-dimethyl sulfoxide procedure), plasmid propagation and DNA isolation, and other molecular-biologic procedures were performed according to standard methods (4). HIV-1 infection was monitored as described previously (6, 32) 
RESULTS

N1T-E virus LTR is more active than N1T-A virus LTR.
Previous studies demonstrated that N1T-E virus has a higher replicative capacity in chronically infected cells than N1T-A virus (32, 33) . The HIV-1 replication rate is determined by the rate of provirus DNA transcription, and this in turn is controlled by the viral LTR (39) . To compare the function of N1T-A and N1T-E virus LTRs, we constructed a series of indicator plasmids containing the cat gene under the control of an appropriate viral LTR (Fig. 1A) . The initial constructs (plasmids pEG601 and pEG602) contained the entire XhoIHindIII fragment from the respective HIV genome (N1T-A in pEG601 or N1T-E in pEG602) and thus were identical in composition to the previously described pU3R-III plasmid (35) . Transfections of pEG602 plasmid into HIV-positive cells resulted in consistently higher CAT activity compared with pEG601-transfected cells ( Fig. 2 ; Table 1 ). On average (with data from 11 independent transfection experiments), pEG602-transfected cells synthesized 4.5 times more CAT enzyme than did the same cells transfected by pEG601. The CAT activity directed by plasmid pU3R-III (35) or pEG621, in which CAT expression is controlled by the LTR from HIV-1/SF-2 (23), was similar to that observed with the pEG601 plasmid (data not shown). Transfections with pEG602 resulted in higher CAT enzyme activity, compared with pEG601-or pU3R-III-transfected cells, regardless of Variant nucleotide sequences responsible for the increase in the N1T-E virus LTR activity are located between positions -156 and +80. Nucleotide sequence analysis revealed that the XhoI-HindIII fragments of the N1T-E and N1T-A viruses differ by mutations in seven sites (Fig. 3) . Five of these mutations are located within the XhoI-AvaI fragment (positions -640 to -156). We deleted this fragment from plasmids pEG601 and pEG602 and obtained plasmids pEG610 and pEG611, respectively. The level of CAT activity directed by plasmid pEG611 was significantly higher than that of the comparable N1T-A virus-derived plasmid pEG610 (Table 1) . Thus, the changes which increase the transcriptional activity of the N1T-E virus LTR are localized in the fragment between positions -156 and +80.
Mutations which affect N1T-E LTR activity. (Fig. 3) . To elucidate the contribution of these mutations to the increased activity of the N1T-E LTR, plasmids were constructed in which either the point mutation (pEG614-1) or the duplication (pEG617-1) was eliminated (Fig. 1A) . As shown in (Fig. 4) 
Nucleotide sequences of the HIV-1 LTR fragments present in plasmids pEG601 and pEG602. The -643 to +83 nucleotide sequence of the N1T-A virus is given in full, and differences that exist in the N1T-E virus are shown below the N1T-A sequence. Direct repeats, which are part of the HIV-1 core enhancer, and the duplication found in the N1T-E LTR are underlined. viral variant (Fig. 1B) . The parental and recombinant clones were compared for their ability to replicate in short-term transfection assays in Jurkat and CEM cells (Table 2 ). In addition, molecularly cloned progeny viruses with reciprocally exchanged LTRs were evaluated in an infection assay (Fig. 5) . As expected on the basis of previous work (32, 33), N1T-E virus DNA produced higher levels of progeny virus than N1T-A DNA did. Reciprocal exchange of LTRs reversed the ratio, and thus plasmid pEG824 (N1T-A proviral DNA with N1T-E LTR) produced more progeny than did its counterpart plasmid pEG823 (N1T-E proviral DNA with N1T-A LTR). Similar results were obtained when CAT activity in the same cells was determined as an independent measure of transfected DNA expression (Table 2) .
Infection experiments with recombinant progeny viruses revealed that the reciprocal exchange of the LTRs had an expected effect on the kinetics of virus infection and replication (Fig. 5 ) but no effect on the cytopathic properties of the respective viruses (data not shown). The EG824 virus showed faster initial kinetics of infection than the parental N1T-A virus, consistent with higher levels of HIV-1 replication in EG824-infected cells (Fig. 5) . The N1T-A LTR in the EG823 virus had little effect on the already slow infection and replication kinetics of the parental N1T-E virus (Fig. 5) .
DISCUSSION
This paper presents a structural and functional analysis of the LTR elements from two closely related HIV-1 clones with high and low replication capacities. Our data show that the two LTRs differ in their activities in correlation with the replication capacity of the parental viruses. This conclusion is supported by two lines of evidence: (i) independent of either viral transactivator Tat protein or the state of cellular activation, gene expression directed by the LTR from a better-replicating N1T-E virus is significantly enhanced compared with that directed by the LTR from a less efficiently replicating N1T-A virus ( Fig. 2 and 4 ; Table 1 ); and (ii) reciprocal exchange of LTRs between the N1T-E and N1T-A viral DNAs reversed the replication ratio (as measured by HIV-1 p24 antigen production per unit of transfected DNA) between the respective proviral DNAs (Table  2) . Furthermore, the replication kinetics of recombinant progeny viruses have been altered to some extent, consistent with the activity of exchanged LTRs (Fig. 5) . By itself, the finding of functional differences between the two HIV-1 LTRs was not entirely unexpected. The LTR of murine leukemia virus is perhaps the most important region in the virus for replication, tissue tropism, and tissue specificity for pathogenicity (8, 17) . Many regions of the HIV-1 genome, including the env, nef, vif, and tat genes, are prone to mutation and functional diversification, thus contributing to the observed heterogeneity among HIV-1 isolates (2, 15, 16, 32, (36) (37) (38) . However, the HIV-1 LTR has not been implicated in this context. Our results suggest that it should be included among the functionally variable genomic elements of HIV. The analysis presented in this work shows that the higher activity of the N1T-E LTR is due to a combined effect of two mutations. It is unclear from the present data how these mutations may contribute to the observed enhancement of the LTR activity. The point mutation in position -94 affects a four-nucleotide spacer between two identical direct re- a Jurkat or CEM cells (5x 106) were transfected with appropriate proviral DNA (0.5 to 1.0 jLg) alone or with the pEG601 plasmid (100 ng). Two days after transfection, culture supernatants were concentrated 10-fold and assayed for the presence of HIV-1 p24 antigens, and cells were assayed for CAT enzyme activity. The results are shown as the mean ± the standard deviation of n transfections, with n in parentheses. Plasmid pEG823 carries the N1T-A LTR and N1T-E virus body; plasmid pEG824 carries the N1T-E LTR and N1T-A body (Fig. 1B) (29) and are part of the HIV-1 core enhancer (13, 19, 29) .
Studies with purified NF-KB protein have shown that it activates in vitro transcription of the HIV-1 promoter by selective binding to the distal (upstream) repeat sequence (20) . This noncooperative binding (and biologic effects) of NF-KB (14) has been attributed to a steric hindrance resulting from the proximity of the two sites (20) . It is possible that the C-to-T mutation in position -94 in the N1T-E LTR changes the configuration of the region to increase NF-KB binding to the downstream repeat. Interaction with NF-KB-like proteins, which require the proximal repeat for binding (41) , could also be altered. In any event, only the portion of the transcriptional factor(s) binding which is required for basal promoter activity appears to be altered by the -94 mutation, since both the mutated and nonmutated LTRs are induced to the same extent (Fig. 4) . In contrast to the -94 mutation, the 24-bp duplication at the -128 to -151 site in the N1T-E LTR is in a region which has not been directly implicated in any regulatory function. However, one recent study has shown that the LTR/CAT plasmid carrying a -119/+80 fragment exhibits a lower level of inducible transcriptional activity than an analogous plasmid with a -139/+80 fragment (19 (32, 33) , features which ostensibly point to a defect in virus replication (3, 9) . This apparent paradox is resolved if one considers that viral replication (during primary infection) correlates with the kinetics of infection (3, 9, 27) and that the latter are under the control of other viral elements besides the LTR. In the case of N1T-E, we have recently mapped the slow infection kinetics and the noncytopathic phenotype of this virus (27, 32) to a defect in the vif gene (K. Sakai, X. Ma, I. Gordienko, and D. J. Volsky, 6th Int. Conf. AIDS, 1990, abstr. no. 239). Thus, the N1T-E virus exhibits high basal replicative activity because of the "fast" LTR (this work), whereas it has slow infection and replication kinetics because of a defective vif gene.
In summary, our findings point to the HIV-1 LTR as a site which may contribute to the variability in the replicative capacity of HIV strains. The difference in the basal and inducible activity of the N1T-E LTR versus that of the N1T-A or the human T-cell lymphotropic virus type Ill-B LTR was small compared to the stimulation caused by the Tat transactivator protein (35) or by cellular activation (11, 19, 29) . However, recent evidence suggests that cell activation is not always a requirement for HIV-1 replication (1, 21) , and some agents such as herpes simplex virus type 1 or adenovirus may activate HIV-1 via pathways which are distinct from both the tat-and NF-KB-dependent mechanisms (28) . Higher basal LTR activity levels may thus provide an advantage for NlT-E-like viruses in the absence of immune stimulation or in the presence of viral cofactors.
